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SUMMARY

For the calculations of water-involved systems, such as safety analysis of light water reactors, it is
essential to provide accurate water properties. The International Association for the Properties of Water
and Steam is an international non-profit association of national organizations concerned with the
properties of water and steam [1]. It provides internationally accepted formulations of water/steam
properties for scientific and industrial applications. The purpose of this work is to provide a stand-alone
software package in C++ programming language to provide accurate and efficient water/steam properties
evaluation, based on the latest IAPWS releases. The discussion on related IAPWS releases, code
implementations and verifications are provided in details.

Vi



C++ Implementation of IAPWS Water Properties
1. INTRODUCTION

For the calculations of water-involved systems, such as safety analysis of light water reactors
(LWRs), it is essential to provide accurate water properties. The International Association for the
Properties of Water and Steam (IAPWS) is an international non-profit association of national
organizations concerned with the properties of water and steam [1]. It provides internationally accepted
formulations of water/steam properties for scientific and industrial applications. For example, the
water/steam properties provided by National Institute of Standards and Technology (NIST) are mostly
relied on IAPWS water/steam properties releases [2]. The IAPWS water/steam properties have also been
adopted in reactor system codes, such as the latest version of RELAPS [3]. The main purpose of this work
is to implement the latest version of water/steam properties provided by IAPWS in C++ programming
language. It is aimed to provide a stand-alone software package for water/steam properties, which can be
used in reactor system analysis codes and other similar codes written in C++. The work includes the
implementation of fundamental equation of states functions, transport properties, and necessary interface
functions.

In nuclear engineering field, the safety analysis of reactor systems are generally performed using
reactor system analysis codes. In such codes, the solutions of flow in pipe network are obtained by means
of solving one-dimensional flow equations. From physics point of view, water properties functions are
ways to calculate thermodynamic and transport properties. For example, one wants to calculate water
densities at given temperatures and pressures. From mathematical point of view, water properties,
including both equation of states (EOS) and transport properties, are necessary to close the equation
system. In general, system analysis codes cover a wide range of temperature and pressure conditions. For
typical steady state analysis for pressurized water reactors (PWRs), the pressure ranges from atmospheric
pressure to the primary system pressure (~15.5 MPa), and the temperature ranges from room temperature
to ~350 °C. For accident analyses, the pressure can go up to 20 MPa and the temperature rises to over
2000K. For super critical water reactors, both pressure and temperature could be even beyond the critical
point. Some simplified equation of states, such as stiffened gas equation of states, are easy to implement
and having relatively low computational cost. However, such simplified EOS has large errors or covers a
small temperature and pressure range, as such EOS is generally curve fitted within limit region. It is in
general incapable to handle the wide temperature and pressure ranges encountered for reactor safety
analysis. On the other hand, in the process of solving flow equations, the number of function calls on
water/steam properties could be enormous. This could be a potential code efficiency issue if an iterative
method, such as Newton’s method, is used as the solving scheme. Thus, it is essential to provide a
software package to calculate water/steam properties not only accurately, but also efficiently.

2. |APWS WATER/STEAM PROPERTIES

This work is based on the latest IAPWS releases on water/steam properties. For reactor safety
analysis, water/steam properties in both single-phase region and saturation region, as well as transport
properties will be all needed. This work will rely on several latest IAPWS releases. Namely, the IAPWS
releases include the 1995 version for the water/steam thermodynamic properties for general and scientific
use [4], and its latest reversion published in 2009 [5], the latest water/steam properties based on the
industrial formulation [9], IAPWS releases on thermal conductivity [6] and viscosity [7] for ordinary
water substance, and the IAPWS release on surface tension [8]. In the remaining of this document, as
commonly used, we will refer reference [4] as IAPWS-95, reference [5] as IAPWS-95Reyv, reference [9]
as IAPWS-IF97, respectively.



Reference [4] and [5] are the basis of IAPWS-95 water/steam properties in this work, which covers
the stable single-phase and saturation region. Reference [6], [7], and [8] are used to develop transport
properties, including thermal conductivity, viscosity and surface tension. Reference [9] is also the source
for implementing IAPWS-IF97 basic equations. However it will be used for metastable vapor region
properties calculation only. It is not intended to repeat the IAPWS document, but in the following
sections, we will include the most fundamental and important concepts and functions in IAPWS releases.

2.1 IAPWS-95 and IAPWS-95Rev

The fundamental formulation for the IAPWS-95 is the specific Helmholtz free energy £, in non-
dimensional form,

f(p.T) . ,
DL p(or)= g ()49 (0.7) ()

where, 0 = p/p., t = T/T, and T, p. are temperature and density at critical point, respectively. ¢°
and ¢ are the ideal-gas part and the residual part of the Helmholtz free energy, respectively. All
thermodynamic properties then will be expressed as functions of ¢°, ¢, and their derivatives. Thus, all
thermodynamic properties are eventually provided as functions of density and temperature. It should be
noted that the residual part, ¢", includes 56 complicated polynomial and exponential terms. It would be an
expensive call if using this function directly in a production code. We will discuss strategies to avoid the
expensive function call in later sections of this document.

Besides the single-phase region, the IAPWS-95 also provides the properties along the phase
boundary, which is based on the phase equilibrium condition. This equilibrium condition is determined by
three non-linear equations based on the equality of pressure, temperature and Gibbs free energy on the
vapor-liquid saturation boundary (See equations 6.9a, 6.9b and 6.9c¢ in reference [4]). This set of
equations has to be solved with iterative method, such as Newton's method. However, when approaching
the critical point, the Newton's method becomes inefficient and eventually fails as the Jacobian matrix
becomes singular. In reference [10], a different concept, fugacity, was used to calculate the phase
boundary. It however also experiences difficulty as approaching the critical point. As an alternative, the
auxiliary equations will be used to calculate the phase boundary (See equations 2.5, 2.5(a), 2.6 and 2.7 in
reference [4]). These set of auxiliary equations could be traced back to reference [11], and the verification
is performed based this document. It should be noted that, as pointed in reference [4], these auxiliary
equations have extremely small difference compared to the IAPWS95 non-linear equilibrium equations,
however they are not thermodynamically consistent with IAPWS-95. This set of equations will still be
used for the saturation line properties calculation, and details such as accuracy analysis will be discussed
in the verification part of this document.

As stated in reference [4], the IAPWS-95 formulation is validated in the entire stable fluid region
from the melting curve to 1273 K for temperature, and up to 1000 MPa for pressure (See section 6.3.1,
item (1) in reference [4] for details). Figure 1 shows the validity region with associated uncertainties at
different regions in a p-T diagram. This formulation can also be reasonably extrapolated to temperature
and pressure ranges beyond the validated region shown above. As stated in the same reference, the
formulation behaves reasonably for temperature up to 5000 K, and pressure up to 100 GPa (See section
6.3.1, item (2) in reference [4] for details). The IAPWS-95 formulation can also be used to calculate
thermodynamic properties at metastable regions, including subcooled liquid, superheated liquid and
subcooled vapor regions. The later two metastable regions are of interest in reactor safety analysis like
applications. However, when later developing the IAPWS-IF97 formulation, it was found that the
IAPWS-95 is not suitable for the metastable subcooled vapor region properties (See section 6.3.1, item



(3) in reference [4] for details). Therefore, it is recommended to use the IAPWS-IF97 formulation for this
specific region, which will be described in the next section.
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Figure 1, Validity region of IAPWS-95 formulation in a p-T diagram [4]

In the revised IAPWS-95Rev released in 2009 [5], two coefficients used in the calculation of triple
point pressure were improved to match more accurately the arbitrary conventions for the zeros of energy
and entropy. Other than this minor change, all remaining formulations and coefficients were kept
identical.

2.2 |APWS-IF97

In 1997, the “IAPWS Industrial Formulation 1997 for the Thermodynamic Properties of Water and
Steam” was proposed for industrial use, called IAPWS-IF97 for short [9]. Compared to IAPWS95, the
industrial formula version provides a complete set of backward equations such that iterations could be



avoided when backward calculations are needed. Different than the IAPWS-95 approach, the IAPWS-
IF97 divides its entire validated range into 5 different regions (shown in Figure 2). In each region,
different basis equation is used based on either the Gibs free energy equation (g) or the Helmholtz free
energy (f). The saturation line is labeled as region 4 and its basic equation is a p(7;) correlation. The main
purpose to introduce the IAPWS-IF97 in this work is to calculate the metastable vapor region properties,
which is a supplementary region of the region 2. Nevertheless, the equations of all 5 regions are provided
in this work and code verification work has also been done accordingly. Since IAPWS-IF97 provides the
advantages of backward equations, it is also potentially to develop the IAPWS-IF97 as a stand-alone
software package. This will require additional assessment on the feasibility to use IAPWS-IF97
formulation for reactor safety analysis.
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Figure 2, Regions and equations of the industrial formulation IAPWS-IF97 [9]

2.3 IAPWS Transport Properties

The water/steam transport properties, such as thermal conductivity, viscosity and surface tension,
are also based on IAPWS releases [6][7][8]. The validity region for the thermal conductivity and viscosity
are from 0 to 1000 MPa for pressure, 273.16 to 1173.15 K for temperature, respectively. The surface
tension validity region covers the entire vapor-liquid saturation line, from the triple point up to the critical
point.

3. IMPLEMENTATION AND VERIFICATION

In this section, we will provide details on the implementation of the IAPWS water/steam
thermodynamic properties and transport properties. This includes the fundamental functions provided in



IAPWS releases, as well as necessary intermediate interface functions. The purpose of this work is to
provide a portable stand-alone software package, which can be easily maintained and embedded into any
computer code. The software package is designed to write with C++, using namespaces to group
functions for IAPWS-95, IAPWS-IF97, IAPWS transport properties and interfaces. The package is
maintained and controlled by using software tools CMake and git. The tool, git, provides a perfect way to
track and control the source codes. The tool, CMake, along its testing capability, provides an environment
to verify the code development.

3.1 Code implementation

The IAPWS-95Rev namespace implements the IAPWS-95 reversion released in 2009. However,
since this reversion only had minor changes, i.e., two coefficients were improved. Almost all code
implementations are based on the IAPWS-95 document.

The code implementation of this namespace is divided into 4 parts:
Part 1, formulations of Helmholtz free energy and its derivatives;
Part 2, formulations of thermodynamic properties based on IAPWS-95Rev formulation;

Part 3, formulations of thermodynamic properties on the saturation line, temperature as input
parameter;

Part 4, formulations of thermodynamic properties on the saturation line, pressure as input
parameter.

Part 1 includes the implementation of Helmholtz free energy and its derivatives. Part 2 includes the
implementation of thermodynamic properties, such as pressure, entropy, internal energy and etc., using
functions provided in part 1. For both parts, readers are referred to sections 6.1 and 6.2 of reference [4]
for details. Parts 3 and 4 provide the vapor-liquid saturation line functions, as well as necessary
derivatives along the saturation line. As mentioned previously, auxiliary equations were used for the
calculation for the saturation line, instead of the three non-linear equilibrium equations. As stated earlier,
these auxiliary equations have extremely small difference compared to the IAPWS95 non-linear
equilibrium equations, however they are not thermodynamically consistent with IAPWS-95 formulation.
The validity and uncertainty of this set of equations were provided in reference [11], however some of the
validations were based on early data in 1980s. To confirm its validity, a comparison was done between
the accuracy of these auxiliary equations and the formulations provided in the IAPWS-IF97, using the
IAPWS-95 phase equilibrium results as reference 'exact' values. The results are shown in Figure 3. In
most of the region, the auxiliary equations show smaller magnitude of relative error compared to the
IAPWS-IF97 formulation. As stated in IAPWS-IF97 document, its saturation properties are within
measurement uncertainties. Combined with the results observed in Figure 3 and statement made in
IAPWS-IF97, it is safe to use this set of auxiliary equations for saturation line properties.



*  Auiliary squaitons
IAFWS-IFo7

Relative error of the saturated pressure

Vgﬁtl 300 350 400 4350 500 550 600 650
Temperature, K

Figure 3, Relative errors of the saturated pressure, calculated from auxiliary equations and IAPWS-
IF97 formulation, compared with IAPWS-95 “exact” values

The IAPWS-IF97 namespace implements the 1997 industrial formulation release. The code
implementation of this namespace is divided into 7 parts:

Part 1, boundary line between region 2 and 3;

Part 2, region 1, using Gibbs free energy g;(p, T) as the basis function;

Part 3, region 2, using Gibbs free energy g»(p, T) as the basis function;

Part 4, supplemental metastable vapor region;

Part 5, region 3, using Helmholtz free energy f;(p, T) as the basis function;

Part 6, region 4, the saturation line;

Part 7, region 5, using Gibbs free energy gs(p, T) as the basis function.

The implementations are straightforward, thus interested readers are referred to Chapter 2 of Part A
in reference [9] for details. The implementations of transport properties are included in the IAPWS-
TRANS namespace, and interested readers are referred to references [6], [7], and [8] for details.

The direct call on IAPWS water properties will be expensive as it is explained previously. For
application use, an efficient interface has to be designed to reduce computational cost on water properties
evaluations. In RELAPS5, the IAPWS water properties are prepared in tabulated form during its
installation [3]. A same strategy will be used. This requires the implementations of iterative ‘backward’



equations and tabulated ‘backward’ equations, which is implemented in the WaterPropertiesInterface
namespace. However, it should be noted that these interfaces are application specific. For example, in
fluid flow system, an equation system with unknown set {density, momentum and total energy} will
require a different interface than an equation system with unknown set {pressure, velocity and
temperature}. Therefore, we are not intended to cover every possible interface in the
WaterPropertiesInterface namespace. Only several commonly used interfaces will be covered in order to
test the interface design, numerical design, and interface efficiency. More specific interfaces are expected
to implement according to user’s specific requirement. We will use density as an example to illustrate the
implementation of iterative and tabulated ‘backward’ equation, which will calculate the density from
given pressure and temperature. As the basic IAPWS formulation calculates pressure from given density
and temperature, an iterative method (an optimized hybrid Secant and bisection method in this work) is
used to find the density if pressure and temperature are given. For tabulated method, a pre-generated p-7-
p is prepared and an interpolation method (such as bilinear and bicubic) could be used to calculate the
density from given pressure and temperature quickly. The same method could be used for interface
functions, such as (p, 4) or (p, s) pair is given.

Appendix A summarizes the properties function interfaces currently available in the package. It
includes the straightforward implementations of available IAPWS functions, as well as limited user-
friendly ‘backward’ functions. More such user-friendly functions will be necessary for specific
application. However, in this package we are not intended to cover every possible function interface,
which we would like to leave for future work.

3.2 Code verification

The code verification in this work includes three main parts, code verification of IAPWS
water/steam properties, accuracy verification of tabulated ‘backward’ equations, and code efficiency of
tabulated ‘backward’ equations. The accuracy of the iterative ‘backward’ equation is not necessary as its
accuracy is controlled as input. The code verification of IAPWS water/steam properties includes 12 tests,
which is straightforward as all IAPWS releases provide verification guidelines. These 12 tests are
summarized in Table 1, and more detailed information is provided in the Appendix B.

A pre-generated p-T-p matrix was prepared using the iterative method, which is then used perform
verification task for the accuracy and efficiency of the tabulated ‘backward’ equations. This pre-generated
matrix uses non-uniform grid size for both temperature and pressure. For temperature, the entire validity
region is divided into two regions with grid points at {273.16, 1200, 2000} K, and with grid sizes {1, 5}
K in these two regions. For pressure, the entire validity region is divided into five regions with grid points
at {611.655 Pa, 0.5 MPa, 20 MPa, 25 MPa, 40 MPa, 100 MPa}, and with grid sizes {0.001 MPa, 0.05
MPa, 0.01 MPa, 0.1 MPa, 1E MPa} in these five regions. A total of 10° (p, T) pairs were used to verify
the accuracy and efficiency of the tabulated ‘backward’ equations. The pressure has 100 points, starting
from 0.01 MPa with an increasing step of 0.5 MPa. The temperature has 1000 points, starting from
273.16 K with an increasing step of 0.7 K. Therefore, in total 10° (p, T) pairs were obtained.

Figure 4 and Figure 5 show the relative error of the tabulated ‘backward’ equation using bilinear
interpolation and bicubic interpolation, compared to the values calculated from iterative method,
respectively. The results show that both bilinear and bicubic method give reasonable accuracy in the order
of 10™*. The bicubic method shows much better accuracy compared to the bilinear method. It should also
be noted that, there are several noticeable peaks in the error plot, suggesting future grid refinement in
these regions might be necessary. The efficiency of the interpolation methods have also been tested and
verified. A random (p, T) pair, (4.56789 MPa, 400.23456 K), was picked for density evaluation. The
density evaluation was repeated 10° times to record the CPU time cost. Table 2 shows the CPU time costs
of three methods, namely the iterative method, bilinear interpolation and bicubic interpolation. (Note, the



absolute speed is not of interest when comparing the relative efficiency, so that the hardware is irrelevant
and not listed). It is clear that the interpolation method is ~3 orders faster and the results verified the
efficiency of interpolation methods. However, special treatment will be necessary close to the saturation
line region, which will require more sophisticated interpolation scheme.

Table 1, List of 12 verification tests for [APWS water/steam properties

Name Description Verified From

Test 01 IAPWS-95Rev Helmholtz free | Table 6 of reference [5]
energy and its derivatives

Test 02 IAPWS-95Rev single-phase Table 7 of reference [5]
water/steam thermodynamic
properties

Test 03 Auxiliary equations for Table 1 of reference [11]
saturation line

Test 04 Thermal conductivity Table 4 and 5 of reference [6]

Test 05 Viscosity Table 4 of reference [7]

Test 06 Surface tension Table 1 of reference [8]

Test 07 IAPWS-IF97 region 1 Table 2.5 of reference [9]

Test 08 IAPWS-IF97 region 2 Table 2.11 of reference [9]

Test 09 IAPWS-IF97 metastable vapor | Table 2.14 of reference [9]
region

Test 10 IAPWS-IF97 region 3 Table 2.18 of reference [9]

Test 11 IAPWS-IF97 region 4 Table 2.20 and 2.21 of reference [9]

Test 12 IAPWS-IF97 region 5 Table 2.27 of reference [9]

Table 2, CPU time cost of different ‘backward’ equations

Method CPU Time (s)
Iterative method 3.451x10"
Bilinear interpolation 2.241x107
Bicubic interpolation 8.896x10™
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4. SUMMARY

The purpose of this work is to provide a stand-alone C++ software package for accurate and
efficient water/steam properties evaluation. The implementations and code verification of IAPWS
water/steam properties were accomplished. Interface functions, such as the ‘backward’ equations, were
also designed and verified in terms of accuracy and efficiency. This software package will be a useful
support for codes development, such as reactor safety analysis codes.
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Appendix A

Available Functions List

IAPWS-95Rev

pip, T) Pressure

s(p, T) Entropy

hip, T) Enthalpy

u(p, T) Internal energy

gip, T) Gibbs free energy

cp, T) Isochoric heat capacity

c(p, T) Isobaric heat capacity

co(p, T) Saturated liquid heat capacity
w(p, T) Speed of sound

ulp, T) Joule—Thomson coefficient
or(p, T) Isothermal throttling coefficient
Bs(p, T) Isentropic temperature-pressure
F(p, T) Fugacity

flo, T) Helmholtz free energy

IAPWS-95Rev Auxiliary Equations

ps(T) Saturation pressure

Ts(p) Saturation temperature

aps (T, aps () The derivative of saturation pressure with
ar > dT

respect to temperature

pis(D); pis(p)

Liquid phase saturation density

pvs(D); pvs(p)

Vapor phase saturation density

hl,s(D; hl,s(p)

Liquid phase saturation enthalpy

(D), hys(p)

Vapor phase saturation enthalpy

uls(D; uls(p)

Liquid phase saturation internal energy

uVS(D; uvs(l))

Vapor phase saturation internal energy

SI,S(D; Sl,s(p)

Liquid phase saturation entropy

SV,S(D , SV,S(p)

Vapor phase saturation entropy

hi(T), hi(p) Latent heat
Transport Properties

kip, T) Thermal conductivity
ulp, T) Viscosity

o(T) Surface tension
IAPWS-IF97 Regions 1,2,5

o(p, T) Specific volume

hip, T) Enthalpy

ulp, 7) Internal energy

s(p, T) Entropy

@ 1) Isobaric heat capacity
ap, T) Isochoric heat capacity

11




w(p, T) Speed of sound

ou(p, T) Isobaric cubic expansion coefficient
kr(p, T) Isothermal compressibility
IAPWS-IF97 Region 3

pip, T) Pressure

hip, T) Enthalpy

ulp, T) Internal energy

s(p, T) Entropy

o, 1) Isobaric heat capacity

ap, T) Isochoric heat capacity

w(p, T) Speed of sound

ou(p, T) Isobaric cubic expansion coefficient
xr(p, T) Isothermal compressibility
op(p, T) Relative pressure coefficient
©(p, T) Isothermal stress coefficient
IAPWS-IF97 Region 4

ps(T) Saturation pressure

Ts(p) Saturation temperature
Backward Equations

p(p, T) Density

T(p, h); T(p, s); T(p, u) Temperature

(T, s) Pressure

* Helper functions, such as intermediate derivatives, are not listed.
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Appendix B

Verification Tests Outputs
Test 01, IAPWS-95Rev Helmholtz free energy and its derivatives
Reference data [5]
Table 6. Values for the ideal-gas part ¢°, Eq. (5), and for the residual part ¢,

Eq. (6), of the dimensionless Helmholtz free energy together with the
corresponding derivatives® for 7= 500 K and p = 838.025 kg m™>

0° = 0204797733 x 10" " =_0.342 693 206 x 10"
@3 = 0.384 236747 @5 =-0.364 366 650
@S5 =—0.147 637 878 #55 = 0.856 063 701
@7 = 0904611 106 x 10" @7 =_0.581 403 435 x 10"
Por =—0.193 249 185 x 10" P =—0.223 440 737 x 10"
@5 = 0 @5 =—0.112 176 915 x 10"

4 For the abbreviated notation of the derivatives of ¢° and ¢r see the footnotes of Tables 4 and
5, respectively.

Code output:

The following 12 quantities are (using Latex syntax):

(D, \phirg; (2), \phird_\delta; (3), \phir@_{\delta\delta}; (4D,
\phir@_{\tau\tau}; (6), \phiA@_{\delta\tau}

(7, \phiAr; (8), \phiAr_\delta; (9), \phiAr_{\delta\delta}; (10), \phiAr_\tau; (11),
\phiAr_{\tau\tau}; (12), \phiAr_{\delta\tau}

\phiA@_\tau; (5),

-3.
-3.
.56063701e-01
-5.
-2.
-1.

.04797733e+00
.84236747e-01
.47637878e-01
.04611106e+00
.93249185e+00
.00000000e+00

42693206e+00
64366650e-01

81403435e+00
23440737e+00
12176915e+00
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Test 02, IAPWS-95Rev single-phase water/steam thermodynamic
properties

Reference data [5]

Table 7. Thermodynamic property values in the single-phase region for selected values of Tand o

pl (kgm™)

T/K p/MPa ¢, (kT kg K™) w/(ms ™) s/(kT kg K™

300 09965560x10° 0992418352 x 107" 0413018 112x10' 0.150 151914 x 10°  0.393 062 643
0.100530 8 x 10" 0200022515 x10°  0.406 798 347 x 10"  0.153492 501 x 10*  0.387 405 401
0.1188202x10% 0700004704 x10°  0.346 135580 x 10" 0.244357992 x 10" 0.132 609 616

500 0.4350000 0.999 679423 x 10 0.150817 541 x 10 0.548314253 x 10°  0.794 488 271 x 10"
0.4532000x 10" 0.999 938 125 0.166 991 025 x 10" 0535739001 x 10°  0.682 502 725 x 10"
0.8380250x10° 0.100 003 858 x 10° 0322106219 x 10" 0.127 128441 x 10*  0.256 690919 x 10"
01084564 x 10" 0.700 000405 x 10°  0.307437693 x 10" 0.241200877 x 10*  0.203 237 509 x 10"

647 03580000 10° 0220384756 x 10°  0.618315728 x 10° 0252145078 x 10°  0.432 092 307 x 10"

900  0.241 0000 0.100 062 559 0.175 890 657 x 10°  0.724 027 147 x 10°  0.916 653 194 x 10

0.659 070 225 x 10"
0.417 223 802 x 10

0.698 445 674 x 10°
0.201 933 608 x 10

0.193 510 526 x 10
0.266 422 350 x 10

0.200 000 690 x 10>
0.700 000 006 x 10°

0.526 150 0 x 10°
0.870 769 0 x 10°

2 In the liquid-water region at low pressures small changes in density along an isotherm cause large changes in pressure.
For this reason, due to an accumulation of small errors, a particular computer code or a particular PC may fail to
reproduce the pressure value with nine significant figures.

Code output:

This test verifies the IAPWS95Rev single phase thermodynamic properties.
The Results can be verified from Reference [5], page 14, Table 7.

#

T/(K) rho/(kg/mA3) p/(MPa) Cv/(k1/kg-K)  w/(m/s) s/(k1/kg-K)

3.00000000e+02 9.96556000e+02 9.92418352e-02 4.13018112e+00 1.50151914e-03 3.93062643e-01
3.00000000e+02 1.00530800e+03 2.00022515e+01 4.06798347e+00 1.53492501e-03 3.87405401e-01
3.00000000e+02 1.18820200e+03 7.00004704e+02 3.46135580e+00 2.44357992e-03 1.32609616e-01
5.00000000e+02 4.35000000e-01 9.99679423e-02 1.50817541e+00 5.48314253e-04 7.94488271e+00
5.00000000e+02 4.53200000e+00 9.99938125e-01 1.66991025e+00 5.35739001e-04 6.82502725e+00
5.00000000e+02 8.38025000e+02 1.00003858e+01 3.22106219e+00 1.27128441e-03 2.56690919e+00
5.00000000e+02 1.08456400e+03 7.00000405e+02 3.07437693e+00 2.41200877e-03 2.03237509e+00
6.47000000e+02 3.58000000e+02 2.20384756e+01 6.18315728e+00 2.52145078e-04 4.32092307e+00
9.00000000e+02 2.41000000e-01 1.00062559%e-01 1.75890657e+00 7.24027147e-04 9.16653194e+00
9.00000000e+02 5.26150000e+01 2.00000690e+01 1.93510526e+00 6.98445674e-04 6.59070225e+00
9.00000000e+02 8.70769000e+02 7.00000006e+02 2.66422350e+00 2.01933608e-03 4.17223802e+00
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Test 03, Auxiliary equations for saturation line

Reference data [11]

Table 1. Thermodynamic property values calculated at three selected temperatures

T =3731243K

T = 27316 K T = 647.096
p/Pa 611.657 0.101325 x 105 22,064 x 10°
(dp/dT)/(Pa K1) 44.436693 3.616 x 10° 268 x 10°
p'/(kg m—3) 999.789 958.365 322
p"/(kg m~3) 0.00485426 0.597586 322
o/(J kg=V —11.529101 417.65 x 10° 1548 x 10°
h'/(J kg™") 0.611786 419.05 x 10° 2086.6 x 10°
BT kg™t 2500.5 x 10° 2675.7 x 10° 2086.6 x 10°
d/(J kg~ 'K~ - 0.04 1.303 x 10° 3.578 x 10°
s'/(J kg~ K1) 0 1307 x 10° 4410 x 10°
s"/(J kg~ 'K 9.154 x 10° 7.355 x 10° 4410 x 10°

Code output:

The listed data are:

p [Pd]

dp/dT [Pa / K]

rho_liquid_sat [kg / mA3]

rho_vapor_sat [kg / mA3]

alpha [J / kg]

enthalpy_liquid_sat [J / kg]

enthalpy_vapor_sat [J / kg]

phi [J / kg-K]

entropy_liquid_sat [J / kg-K]

entropy_vapor_sat [J / kg-K]J

#

T = 273.16 [K] T = 3.7312430e+02 [K] T = 6.4709600e+02 [K]
6.1165707E+02 1.0132502E+05 2.2064000E+07
4.4436693E+01 3.6164725E+03 2.6798559E+05
9.9978913E+02 9.5836523E+02 3.2200000E+02
4.8542626E-03 5.9758632E-01 3.2200000E+02
-1.1529101E+01 4.1764641E+05 1.5480264E+06
6.1178616E-01 4.1905443E+05 2.0865742E+06
2.5005386E+06 2.6757198E+06 2.0865742E+06
-4.4453067E-02 1.3031386E+03 3.5781794E+03
-7.0017867E-06 1.3069122E+03 4.4104328E+03
9.1541148E+03 7.3549380E+03 4.4104328E+03
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Test 04, Thermal conductivity

Reference data [6]

Table 4. Sample points for computer-program verification of the correlating equation, Eq. (15).
At these points, 4, = 0.

TK) pkem™) AmWm K"
298.15 0 18.434 1883
298.15 998 607.712 868
298.15 1200 799.038 144
873.15 0 79.103 465 9

Note: Some derivatives from the IAPWS Formulation 1995 for the Thermodynamic Properties of
Ordinary Water Substance for General and Scientific Use [3] diverge at o= 0; for those points in Table 4

2> must be set to zero. For the liquid points at 298.15 K, Ay calculated from Eq. (23) is less than zero,

s0 (as stated in Sec. 2.7) it must be set to zero for calculations to proceed and ﬂ_.z =0.

Table 5. Sample points for computer-program verification of the correlating equation,
Eq. (15), including the critical-enhancement contribution A,. For all points, A, (647.35 K)
=51.57647917.

T(K) p (kgm™) 7 Fa A (mWm K)
647.35 1 1.006 849 7 0.000 1300 519298924
647.35 122 21445173 203162320 130.922 885
647.35 222 34840736 188.091 206 367.787 459
647.35 272 4223370 8 540.133 176 757.959 776
647.35 322 4.968 1953 1187.513 54 1443.755 56
647.35 32 5.696 1250 356.53333 650.319 402
647.35 422 63973429 118.931 062 448883 487
647.35 750 11.5870532 33419303 600.961 346

Code output:

This test verifies the thermal conductivity.

The Results can be verified

#

OO OO 0NNN

T/(K

.98150000e+02
.98150000e+02
.98150000e+02
. 73150000e+02
.47350000e+02
.47350000e+02
.47350000e+02
.47350000e+02
.47350000e+02
.47350000e+02
.47350000e+02

from Reference [6], page 10, Table 4 and 5.

rho/(kg/mA3) k/(mW/m-K)
0.00000000e+00 1.84341883e+01
9.98000000e+02 6.07712868e+02
1.20000000e+03 7.99038144e+02
0.00000000e+00 7.9103465%e+01
1.00000000e+00 5.19298924e+01
1.22000000e+02 1.30922885e+02
2.22000000e+02 3.67787459¢e+02
2.72000000e+02 7.57959776e+02
3.72000000e+02 6.50319402e+02
4.22000000e+02 4.48883487e+02
7.50000000e+02 6.00961346e+02
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Test 05, Viscosity
Reference data [7]

Table 4. Sample points for computer-program verification
of the correlating equation, Eq. (10), with i, =1.

TK)  pkegm>) 1 (uPas)
298.15 998 889.735100
298.15 1200 1437.649467
373.15 1000 307.883622
433.15 1 14.538324
433.15 1000 217.685358
873.15 1 32.619287
873.15 100 35.802262
873.15 600 77.430195

1173.15 1 44217245
1173.15 100 47.640433
1173.15 400 64.154608

Code output:

This test verifies the viscosity.
The Results can be verified from Reference [7], page 8, Table 4.
#

P PP 0O PP WNN

.981500000e+02
.981500000e+02
.731500000e+02
.331500000e+02
.331500000e+02
.731500000e+02
.731500000e+02
.731500000e+02
.173150000e+03
.173150000e+03
.173150000e+03

AR PRPORRPRRREPRPLRLO

.980000000e+02
.200000000e+03
.000000000e+03
.000000000e+00
.000000000e+03
.000000000e+00
.000000000e+02
.000000000e+02
.000000000e+00
.000000000e+02
.000000000e+02

PP NWWNRE WRE ©

.897351001e+02
.437649467e+03
.078836223e+02
.453832449e+01
.176853583e+02
.261928697e+01
.580226172e+01
.743019529e+01
.421724451e+01
. 764043308e+01
.415460785e+01
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Test 06, Surface tension

Reference data [8]

Table 1 Surface Tension of Ordinary Water Substance

()] @)
Temp. Surf. Tension
1,0C experimental
o
mN/m
001 75.64
5 7494
10 74.23
15 7349
20 7274
25 7198
30 71.19
35 7041
40 69.59
45 68.78
50 6793
55 67.09
60 66.24
65 65.36
70 64.47
75 63.57
80 62.68
85 61.76
90 60.82
95 59.88
100 5892
105 5795
110 5697
115 5598
120 5497
125 5396
130 5294
135 5190
140 50.86
145 4981
150 48.75
155 4167
160 46.58
1635 4549
170 44 40
175 4330
180 42.19
185 4107
190 3995
195 38.82
200 37.68

Code output:

3
)] #
Uncertainty Surf. Tension
calculated

Ao Ocalc
mN/m mN/m
038 75.65
037 7494
037 7422
037 7349
036 7274
036 7197
036 7119
035 7040
035 69.60
034 68.78
034 67.94
034 67.10
033 66.24
033 6537
032 64.48
032 63.58
031 62.67
031 6175
030 60.82
030 59.87
029 5891
029 5794
028 56.96
028 5597
027 5497
027 5396
026 5293
026 5190
025 50.86
025 49.80
024 48.74
024 4767
023 46.59
023 4550
022 4441
022 4330
022 42.19
022 41.07
022 3995
022 3881
022 3767

(5)
difference

Ceale—0
mN/m

001

000
-001
- 000
-0.00
-001

000
-001
001
-0.00
001

001
- 000
001
001
001

-001
-001
-0.00
-001
-001

-001
-001
-001
-0.00
-0.00

-001
-0.00
- 0.00
-001
-001

000
001
001
001
000

0.00
0.00
-0.00
-001
-001

Surface Tension of Ordinary Water Substance

Table 1 continued

&3}
Temp.
L,o°C

205
210
215
220
225

230
235
240
245
250

255

265
270
275

280
285
290
295
300

305
310
315
320
325

330
335

345
350

355

365
370

2)
Surf. Tension
experimental
a
mN/m

36.54
3540
3424
33.09
3192

30.76
29.58
28.40
27122
2605

24.86
23.66
2246
2129
20.14

1893
17.76
16.60
1545
1430

13.18
1204
1092
981
873

7.66
6.61
559
4.60
364

274
1.89
112
045

4

@)
Uncerainty

Ao
mN/m

022
022
022
022
022

022
022
022
022
022

021
021
021
020
020

020
0.19
0.19
0.19
0.18

0.18
0.17
0.16
0.16
0.15

0.14
0.13
0.12
0.11
0.10

0.10
0.10
0.10
0.10

@)
Surf. Tension
calculated

Ccale
mN/m

36.53
3538
3423
3307
31.90

30.74
29.57
2839
2722
26.04

24.87
23.69
2251
21.34
20.16

18.99
17.83
16.66
1551
1436

1322
12.09
1097
986
877

770
6.65
563
4.63
367

274
1.88
1.08
039

)
difference

Teale=@
mN/m

-0.01
-002
-001
-002
-002

-002
-001
-0.01
-0.00
-0.01

0.01
0.03
0.05
0.05
0.02

0.06

This test verifies the surface tension.
The Results can be verified from Reference [x], page 3-4, Table 1.

#

T/(C) surf tension/(mN/m)

0.0101
5.00000e+00
1.00000e+01
1.50000e+01
2.00000e+01
2.50000e+01
3.00000e+01
3.50000e+01
4.00000e+01
4.50000e+01
5.00000e+01
5.50000e+01
6.00000e+01
6.50000e+01
7.00000e+01
7.50000e+01

7.565e+01
7.494e+01
7.422e+01
7.349%e+01
7.274e+01
7.197e+01
7.119e+01
7.040e+01
6.960e+01
6.878e+01
6.79%4e+01
6.710e+01
6.624e+01
6.537e+01
6.448e+01
6.358e+01
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WWWWWWWwWwWwWWWWWWNNNNNNNNNNNNNNNNNNNNRPRPRPPRPRPRPRPRPRPPRPPRPRPPRPRPRPRPRPRPRPRPRPRPRERPRERPOO®

.00000e+01
.50000e+01
.00000e+01
.50000e+01
.00000e+02
.05000e+02
.10000e+02
.15000e+02
.20000e+02
.25000e+02
.30000e+02
.35000e+02
.40000e+02
.45000e+02
.50000e+02
.55000e+02
.60000e+02
.65000e+02
. 70000e+02
. 75000e+02
. 80000e+02
.85000e+02
.90000e+02
.95000e+02
.00000e+02
.05000e+02
.10000e+02
.15000e+02
.20000e+02
.25000e+02
.30000e+02
.35000e+02
.40000e+02
.45000e+02
.50000e+02
.55000e+02
.60000e+02
.65000e+02
. 70000e+02
. 75000e+02
. 80000e+02
.85000e+02
.90000e+02
.95000e+02
.00000e+02
.05000e+02
.10000e+02
.15000e+02
.20000e+02
.25000e+02
.30000e+02
.35000e+02
.40000e+02
.45000e+02
.50000e+02
.55000e+02
.60000e+02
.65000e+02
. 70000e+02

WERPRFRPNWRNUTONOOORPRRPRERPRPRPREPEPENNNNNNNNNWWWWWWWWWSASAMMDMADMMDMDPADdMDDUUIUIUITUTITUIULIUTUTUTIUTIO OO

.267e+01
.175e+01
.082e+01
.987e+01
.891e+01
. 79%4e+01
.696e+01
.597e+01
.497e+01
.396e+01
.293e+01
.190e+01
.086e+01
.980e+01
.874e+01
.767e+01
.659%e+01
.550e+01
.441e+01
.330e+01
.219e+01
.107e+01
.995e+01
.881e+01
.767e+01
.653e+01
.538e+01
.423e+01
.307e+01
.190e+01
.074e+01
.957e+01
.839%e+01
.722e+01
.604e+01
.487e+01
.369e+01
.251e+01
.134e+01
.016e+01
.899%e+01
.783e+01
.666e+01
.551e+01
.436e+01
.322e+01
.209e+01
.097e+01
. 864e+00
. 774e+00
. 703e+00
.652e+00
.625e+00
.628e+00
.665e+00
. 745e+00
.877e+00
.080e+00
.882e-01
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Test 07, IAPWS-IF97 region 1

Reference data [9]

Table 2.5 Thermodynamic property values calculated from the basic equation g,(p,T), Eq. (2.3), for
selected temperatures and pressures 2

Property

T=300K
p=3MPa

T=300K
p=80MPa

T'=500K
p=3MPa

v [m3 kgﬁl]
h[kI kg™
u [kI kg™

s[kikg? K
c, [kJ ke K
¢, [kJ kgt K]

w[ms™]
o, [K™]
Ky [MPa™']

0.100 215 168 x 1072
0.115 331273 x 10
0.112 324 818 x 10°
0.392 294 792

0.417 301 218 x 10!
0.412 120 160 x 10!
0.150 773 921 x 10*
0.277 354 533 x 1073
0.446 382 123 x 1073

0.971 180 894 x 107
0.184 142 828 x 103

0.106 448 356 x 10°

0.368 563 852

0.401 008 987 x 10!

0.391 736 606 x 10!

0.163 469 054 x 10*

0.344 095 843 x 1073
0.372 039 437 x 1073

0.120 241 800 x 1072
0.975 542 239 x 103
0.971 934 985 % 10°
0.258 041 912 x 10!
0.465 580 682 x 10!
0.322 139 223 x 10!
0.124 071 337 x 10*
0.164 118 128 x 1072
0.112 892 188 x 1072

2 Programmed functions should be verified using 8 byte real values for all variables.

Code output:

#

The listed data are:

specific volume [mA3 / kgl
specific enthalpy [kJ / kg]
specific internal energy [kJ / kg]
specific entropy [kJ / kg-K]

Cp [kJ / kg-KJ

Cv [kJ / kg-K]

sound speed [m / s]

alpha_v [1/K]

K_T [1/MPa]

#

T = 300 [K] T = 3.00000000e+02 [K] T = 5.00000000e+02 [K]
p = 3e+06 p = 8.00000000e+07 p = 3.00000000e+06
1.00215168E-03 9.71180894E-04 1.20241800E-03
1.15331273E+02 1.84142828E+02 9.75542239E+02
1.12324818E+02 1.06448356E+02 9.71934985E+02
3.92294792E-01 3.68563852E-01 2.58041912E+00
4.17301218E+00 4.01008987E+00 4.65580682E+00
4.12120160E+00 3.91736606E+00 3.22139223E+00
1.50773921E+03 1.63469054E+03 1.24071337E+03
2.77354533E-04 3.44095843E-04 1.64118128E-03
4.46382123E-04 3.72039437E-04 1.12892188E-03
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Test 08, IAPWS-IF97 region 2

Reference data [9]

Table 2.11 Thermodynamic property values calculated from the basic equation g,(p,T), Eq. (2.6),
for selected temperatures and pressures 2

Property

=300 K
p=0.0035 MPa

T=700K
p =0.0035 MPa

T=700K
p=30MPa

v[m® kg™

h kI kg™

u [kJ kg™
s[kikgt K1
c, [kJ ke K
¢y [k kg™ K™']
wms™]

a, K]

Ky [MPa™]

0.394 913 866 x 10?
0.254 991 145 x 10*
0.241 169 160 x 10*
0.852 238 967 x 10!
0.191 300 162 x 10*
0.144 132 662 x 10}
0.427 920 172 x 10°

0.337 578 289 x 1072
0.286 239 651 x 10°

0.923 015 898 x 102
0.333 568 375 x 10*
0.301 262 819 x 10*
0.101 749 996 x 10?
0.208 141 274 x 10!
0.161 978 333 x 10!
0.644 289 068 x 10

0.142 878 736 x 1072
0.285 725 461 x 10°

0.542 946 619 x 1072
0.263 149 474 x 10*
0.246 861 076 x 10*
0.517 540 298 x 10!
0.103 505 092 x 10?
0.297 553 837 x 10}
0.480 386 523 x 10°

0.126 019 688 x 107!
0.818 411389 x 107!

2 Programmed functions should be verified using 8 byte real values for all variables.

Code output:

#

The list
specific
specific
specific
specific

ed data are:

volume [mA3 / kg]

enthalpy [kJ / kg]
internal energy [kJ / kg]
entropy [kJ / kg-K]

Cp [kJ / kg-KJ
Cv [kJ / kg-K]

sound speed [m / s]

alpha_v [1/K]

K_T [1/MPa]

#

T = 300 [K] T = 7.00000000e+02[K] T = 7.00000000e+02 [K]
p = 3500 p = 3.50000000e+03 p = 3.00000000e+07
3.94913866E+01 9.23015898E+01 5.42946619E-03
2.54991145E+0@3 3.33568375E+0@3 2.63149474E+03
2.41169160E+03 3.01262819E+03 2.46861076E+03
8.52238967E+00 1.01749996E+01 5.17540298E+00
1.91300162E+00 2.08141274E+00 1.03505092E+01
1.44132662E+00 1.61978333E+00 2.97553837E+00
4.27920172E+02 6.44289068E+02 4.80386523E+02
3.37578289E-03 1.42878736E-03 1.26019688E-02
2.86239651E+02 2.85725461E+02 8.18411389E-02
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Test 09, IAPWS-IF97 metastable vapor region
Reference data [9]

Table 2.14 Thermodynamic property values calculated from the g, . ...(p, T) equation, Eq.(2.9), for
selected values of temperature and pressure 2

Property T=450K T=440K T=450K
p=1MPa p=1MPa p=1.5MPa

v[m® kg™ 0.192 516 540 0.186 212 297 0.121 685 206

Ak kg™ 0.276 881 115 x 10* 0.274 015 123 x 10* 0.272 134 539 x 10*

u [k kg™ 0.257 629 461 = 10* 0.255 393 894 x 10* 0.253 881 758 x 10*

s [kTkg? K 0.656 660 377 x 10! 0.650 218 759 x 10! 0.629 170 440 x 10!

¢p kT kg ' K™
¢, [kI kg1 K]

0.276 349 265 x 10
0.195 830 730 x 10!

0.298 166 443 x 10!
0.208 622 142 x 10!

0.362 795 578 x 10!
0.241 213 708 x 10!

wms™] 0.498 408 101 % 10° 0.489 363 295 x 103 0.481 941 819 x 10°
a,[K] 0.318 819 824 x 1072 0.348 506 136 x 1072 0418276 571 x 1072
K, [MPa™'] 0.109 364 239 x 10! 0.111 133 230 x 10! 0.787 967 952

2 Programmed functions should be verified using 8 byte real values for all variables.

Code output:

#

The listed data are:

specific
specific
specific
specific

Cp [kJ / kg-KJ
Cv [kJ / kg-K]
sound speed [m / s]

volume [mA3 / kg]
enthalpy [kJ / kg]
internal energy [kJ / kg]
entropy [kJ / kg-K]

alpha_v [1/K]

K_T [1/MPa]

#

T = 450 [K] T = 4.40000000e+02 [K] T = 4.50000000e+02 [K]
p = le+@6 p = 1.00000000e+06 p = 1.50000000e+06
1.92516540E-01 1.86212297E-01 1.21685206E-01
2.76881115E+@3 2.74015123E+@3 2.72134539E+03
2.57629461E+03 2.55393894E+03 2.53881758E+@3
6.56660377E+00 6.50218759E+00 6.29170440E+00
2.76349265E+00 2.98166443E+00 3.62795578E+00
1.95830730E+00 2.08622142E+00 2.41213708E+00
4.98408101E+02 4.89363295E+02 4.81941819E+02
3.18819824E-03 3.48506136E-03 4.18276571E-03
1.09364239E+00 1.11133230E+00 7.87967952E-01
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Test 10, IAPWS-IF97 region 3

Reference data [9]

Table 2.18 Thermodynamic property values calculated from the basic equation f;(p,T), Eq.(2.11),
for selected temperatures and densities 2

T=650K
p=200kg m>

T=750K
p=500kg m>

Property Tf 650 K S
P=500 kg m

p [MPa] 0.255 837 018 x 102

h kI kg™] 0.186 343 019 x 10*

u [kl kg™ 0.181 226279 x 10*

s[kTkg' K] 0.405 427 273 x 10}

cp (kI kg K]
¢, [KT kg K
w [m s"l]

o, [K']
xr[MPa™']
a,[K]

By kg m™]

0.138 935 717 x 10?
0.319 131 787 x 10!
0.502 005 554 = 10°
0.168 653 107 x 107!
0.345 506 956 x 107!
0.190 798 153 x 107!
0.565 652 647 x 10°

0.222 930 643 x 102

0.237 512 401 x 10*

0.226 365 868 x 10*

0.485 438 792 x 10

0.446 579 342 x 10?

0.404 118 076 x 10}

0.383 444 594 x 10°

0.685312229 x 107!
0.375 798 565

0.818 019 386 x 1072
0.238 728 962 x 102

0.783 095 639 x 10?
0.225 868 845 x 10*
0.210 206 932 x 10
0.446 971 906 x 10*
0.634 165 359 x 10!
0.271 701 677 x 10!
0.760 696 041 x 103
0.441 515 098 x 1072
0.806 710 817 x 1072
0.698 896 514 x 1072
0.791 475 213 x 103

a Programmed functions should be verified using 8 byte real values for all variables.

Code output:

#

The listed data are:

specific
specific
specific
specific
Cp [kI /
Cv [kd /

volume [mA3 / kg]

enthalpy [kJ / kg]

internal energy [kJ / kg]
entropy [kJ / kg-K]

kg-K1]
kg-K]

sound speed [m / s]
alpha_v [1/K]

T = 7.50000000e+02 [K]

K_T [1/MPa]

#

T = 650 [K] T = 6.50000000e+02 [K]
rho = 500 [kg/mA3] rho = 2.00000000e+02 [kg/mA3]
2.55837018E+01 2.22930643E+01
1.86343019E+03 2.37512401E+0@3
1.81226279E+03 2.26365868E+0@3
4.05427273E+00 4.85438792E+00
1.38935717E+01 4.46579342E+01
3.19131787E+00 4.04118076E+00
5.02005554E+02 3.83444594E+02
1.68653107E-02 6.85312229E-02
3.45506956E-02 3.75798565E-01
1.90798153E-02 8.18019386E-03
5.65652647E+02 2.38728962E+01

N PP NNOOPSANN

83095639E+01

rho = 5.00000000e+02 [kg/mA3]
7.
.25868845E+03
.10206932E+03
.46971906E+00
.34165359E+00
.71701677E+00
.60696041E+02
.41515098E-03
.06710817E-03
.98896514E-03
.91475213E+02
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Test 11, IAPWS-IF97 region 4
Reference data [9]

Table 2.20 Saturation-pressure values calcu-
lated from Eq. (2.13) for selected temperatures 2

T'[K] ps [MPa]
300 0.353 658 941 x 107
500 0.263 889 776 x 10!
600 0.123 443 146 x 10’

2 Programmed functions should be verified
using 8 byte real values for all variables.

Table 2.21 Saturation-temperature values cal-
culated from Eq. (2.14) for selected pressures 2

p [MPa] T, [K]
0.1 0.372 755919 x 103
1 0.453 035 632 x 10°
10 0.584 149 488 x 10°

2 Programmed functions should be verified
using 8 byte real values for all variables.

Code output:

This test verifies the IAPWS-IF97 region 4, saturation line properties.

The Results can be verified from Reference [9], page 26, Table 2.20 and 2.21.
#

T [K] p_sat [MPa]

300 3.53658941e-03

500 2.63889776e+00

600 1.23443146e+01

p [MPa] T_sat [K]
1.00000000e-01 3.72755919e+02
1.00000000e+00 4.53035632e+02
1.00000000e+01 5.84149488e+02
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Test 12, IAPWS-IF97 region 5

Reference data [9]

Table 2.27 Thermodynamic property values calculated from the basic equation gi(p,T), Eq.(2.15),
for selected temperatures and pressures 2

T=1500K
p=30MPa

T=2000K
p=30MPa

Property Tf 1500 K
p=0.5MPa

v[m® ke™'] 0.138 455 090 x 10!

h kI kg™ 0.521 976 855 x 10*

u [kI kg 0.452 749 310 x 10*

s[kI kg K™ 0.965 408 875 % 10*

¢, [T kg K]
e [kT kg™ K™
w[m s’l]

a, K]

K- [MPa™]

0.261 609 445 x 10!
0.215 337 784 x 10!
0.917 068 690 x 103
0.667 539 000 x 1073
0.200 003 859 x 10!

0.230 761 299 x 107!
0.516 723 514 x 10*
0.447 495 124 x 10*
0.772 970 133 x 10!
0.272 724 317 x 10!
0.219 274 829 x 10!
0.928 548 002 x 103
0.716 950 754 x 1073
0.332 881253 x 107!

0.311385219x 107!
0.657 122 604 x 104
0.563 707 038 x 10*
0.853 640 523 x 10!
0.288 569 882 x 10!
0.239 589 436 x 10!
0.106 736 948 x 104
0.508 830 641 x 1073
0.329 193 892x 107!

2 Programmed functions should be verified using 8 byte real values for all variables.

Code output:

#

The listed data are:

specific
specific
specific
specific

volume [mA3 / kg]

enthalpy [kJ / kg]

internal energy [kJ / kg]
entropy [kJ / kg-K]

Cp [kJ / kg-KJ
Cv [kJ / kg-K]

sound speed [m / s]

alpha_v [1/K]
K_T [1/MPa]

1500 [K]

= 500000
.38455090E+00
.21976855E+@3
.52749310E+03
.65408875E+00
.61609445E+00
.15337784E+00
.17068690E+02
.67539000E-04
.00003859E+00

NOOONNOPDPUEFELT AR

= 1.50000000e+03 [K]

= 3.00000000e+07

.30761299E-02
.16723514E+@3
.47495124E+03
.72970133E+00
.72724317E+00
.19274829E+00
.28548002E+02
.16950754E-04
.32881253E-02

.11385219E-02
.57122604E+@3
.63707038E+@3
.53640523E+00
.88569882E+00
.39589436E+00
.06736948E+03
.08830641E-04
.29193892E-02

WU, NN UTO WT —H

= 2.00000000e+03 [K]
= 3.00000000e+07
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